This paper applies two-stage stochastic quadratic programming to optimize conjunctive use operations of groundwater pumping and artificial recharge with farmer's expected revenue and cropping decisions. The two-stage programming approach allows modeling of water and permanent crop production decisions, with recourse for uncertain conditions of hydrology, annual crops and irrigation technology decisions. Results indicate potential gains in expected net benefits and reduction in income variability from conjunctive use, with increase in high value permanent crops along with more efficient irrigation technology.
Introduction
Agricultural production often depends on uncertain water supplies. Water supply variability and uncertainty can reduce average economic returns and farmer welfare, and may ultimately limit agricultural development. Surface water reservoirs provide storage to reduce variability, but must also meet other competing demands (e.g. environmental, flood control and hydropower) limiting their operation for agricultural uses.
Agricultural water users have long employed groundwater to supplement surface supplies or as a primary water supply. In California, direct groundwater exploitation became intense with pumping and well drilling technology improvements in the last hundred years (Coe, 1988; Walker and Williams, 1982) . The existence of vast, relatively available groundwater supplies and the common lack of groundwater regulation contributed to this development. A supplemental groundwater supply often stabilizes The approach presented in this paper simulates coordinated farmer decisions on permanent and annual crops, water application, irrigation technology, artificial recharge and groundwater pumping using two-stage stochastic optimization model for cropping decisions (Marques et al, 2005) . The model maximizes the net expected benefit of allocating land and water to various permanent and annual crops, with optimized conjunctive use operations involving artificial recharge and groundwater pumping.
Instead of driving artificial recharge by valuing groundwater storage explicitly with an artificial weight (Azaiez, 2002) , or as a constraint based on the difference between water imported and water used (Schuck and Green, 2002) , the proposed model is based on a long term equilibrium between pumping and recharge such that water can only be extracted in a given year if it is recharged in other years. Although this is a simple approach to groundwater modeling, it provides an upper bound on benefits and prevents overdraft in the long run with probabilistic surface water availability. The model and analysis presented in this paper contribute to existing knowledge by evaluating the benefits and implications of conjunctive use operations integrated with cropping, water and irrigation technology decisions using a more detailed quadratic economic profit function driven by market conditions. The model is calibrated to observed acreages with a PMP (positive mathematical programming) approach (Howitt, 1995) and it replicates observed crop diversification without additional constraints or bounds.
This paper is organized as follows. The literature review describes general conjunctive use operations and reviews models developed to simulate and optimize conjunctive use A c c e p t e d M a n u s c r i p t
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5 operations for improved benefits and agricultural use. This section is followed by model approach formulation, application and results discussion, limitations, and conclusions.
Groundwater and surface water operations for conjunctive use
Conjunctive use operations are broad and may serve many objectives, including controlling effects of pumping on surface streams, managing regional operations aimed at improving water supply reliability and cost, reducing environmental impacts such as salt water intrusion, soil salinity due to shallow water tables and land subsidence. The operations discussed in this paper address the management problem of improving water supply reliability and cost.
Infrastructure involved in conjunctive use operations may include dedicated artificial recharge facilities, pumping sites and operation of existing canals and reservoirs to produce aquifer recharge through deep percolation. Operation of groundwater pumping and recharge are planned with different temporal patterns. This may include a more exclusive focus on groundwater use during an early period of regional economic development (Shwartz, 1980) when surface infrastructure is not yet fully developed, or more balanced operations that alternate use of surface and groundwater supplies (Sahuquillo and Lluria, 2003) . Operations alternating the use of surface and groundwater This alternating pattern of conjunctive use increases groundwater storage during wet periods to improve availability in dry periods. Groundwater storage can be increased in wet periods by direct artificial recharge, by substituting groundwater use with surplus surface water and letting infiltration/deep percolation from applied water and natural runoff replenish groundwater, or both. This pattern can produce greater benefits when paired with the operation of surface reservoirs to "cycle" the storage (Lettenmaier and Burges, 1982) from surface to groundwater. The result is more flexibility in the operation of surface reservoirs, fewer undesired spills and availability of more space for other competing uses such as flood control.
These operations may be applied at scales ranging from local storage, conveyance and pumping facilities to complex regional water transfers and exchanges involving multiple facilities and requiring a high level of cooperation and coordination among water users and government agencies (Pulido et al, 2004) . Regional operations are designed to cope with temporal and spatial differences in water availability, water demands, infrastructure, recharge and pumping conditions to maintain supply in dry periods and replenish the aquifer in wet periods. High transaction costs can be a challenge (Sahuquillo and Lluria, 2003; Marino, 2001) , as conjunctive use operations often depend on elaborate water transfers, exchange programs and infrastructure operation (Brown et al 2001; Jones, 2003) .
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Conjunctive use modeling
Many simulation and optimization models have been proposed to design effective conjunctive programs and operations, including approaches with detailed representation of physical stream/aquifer interaction (Gorelick, 1983; Peralta et al, 1995; Fredericks et al, 1998; Belanieh et al, 1999) and combined operating decisions involving surface reservoir spill minimization (Schoups et al 2006a (Schoups et al , 2006b water demands could not be satisfied in any of the tested scenarios, and that an appropriate future scenario could involve full satisfaction of urban demands at the cost of some water conservation on the agricultural side. To properly identify alternative wateruse strategies depending on water conservation, a more detailed approach is necessary to model the water demand, including its variation and behavior as consequence of the users' decisions on how to use the water and the available groundwater operations. Bredenhoeft and Young (1983) assess optimal groundwater capacity to reduce income variability by simulating conjunctive use of surface/groundwater and crop planting 
Model Formulation
The model formulation builds on cropping and irrigation decision modeling work in Marques et al (2005) The stochastic nature of surface water availability is modeled with an empirical probability distribution of yearly surface water deliveries. Each hydrologic year is a realization of a stochastic process resulting in a given amount of water available for the whole year. Based on observed data, a group of possible hydrologic years j (hydrologic events, or simply "events") was assembled each one with a probability of occurrence p j and a quantity of surface water available a j . On each possible event, different decisions may be made (second stage) and an economic return is calculated. The model is run considering all possible events, and calculates the maximum expected economic return to agricultural production. There is no explicit definition for the optimization time horizon.
Instead, the model results are valid for as along as the permanent decisions remain "permanent". This could be as long as 15 or 20 years.
Artificial recharge requires allocating land to this purpose in event j represented in second-stage decision variable XR 2j, subject to operational costs RC. Water recharged in other events f will be available for pumping in event j through decision variable UR fj , subject to pumping costs PC. The term A fraction of the applied water in excess of consumptive demand is expected to deep percolate and recharge the aquifer. The maximum amount of water available through deep percolation is calculated by the state variable PD jf . The amount of water that is actually pumped from deep percolated irrigation is calculated by the decision variable UPD jf which is the water pumped in a given hydrologic event j, available due to deep percolation in other hydrologic events f (fj).
More realistic deep percolation calculations require specific irrigation efficiency characteristics and tracking water content in the soil. This depends on a series of factors such as the vadose zone hydraulic conductivity, effective porosity and soil moisture content, which also rely on vadose zone thickness and soil's field capacity. For simplicity and given the annual representation of water availability, a single factor is used to estimate the percentage of water applied that deep percolates.
Water from deep percolation and artificial recharge will be considered "available" even when recharge and deep percolation take place after groundwater pumping. This is based on the assumptions that (a) groundwater storage is large enough to not constrain the years, on average. If this same fixed amount of water is recharged in an event with p = 0.02, the result is only 2 recharge occurrences in the same 100 years interval, on average (return period T = 50 years). Thus, more water is effectively being recharged if the event has higher probability.
Groundwater withdrawals and recharge are thus balanced in the long run by probabilistic mass balance constraints to prevent overdraft (equations 11 and 12). For a given amount of water recharged in hydrologic event f, with a probability p f , the amount actually available in another event j (j  f) is multiplied by water available for pumping depending if it is recharged in a hydrologic event with lower or higher probability than the event where it is pumped.
The objective function and model constraints are presented as follows. The constraint set includes water balance (2), land (3), second stage permanent crops (4), stress irrigation (5), stress irrigation threshold (6), irrigation technology (7), artificial recharge (8),
groundwater pumping capacity (9), deep percolation (10) probabilistic mass balance (11) and (12) and non-negativity (13). Additional detail in constraints 4 through 7 is presented in Marques et al (2005) .
Subject to: 
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Model data and area of study
The model runs use production and hydrologic data from irrigation districts in for groundwater pumping capacity (Table 2) . This is simulates conditions in a system where groundwater infrastructure capacity is already in place and no significant changes are expected. Another model run presented later in this paper modifies this to add groundwater pumping capacity as a first stage decision to evaluate optimal investment in pumping infrastructure. Conjunctive use operational data appears on Table 2 , with more detail on model data and parameters in Marques (2004) .
Results and discussion
Even though deep percolation alone provides a significant portion of water available for groundwater pumping in dry years, in two very wet years land is allocated to artificial recharge to further improve groundwater supply (Figure 2 ). This increases total net The higher expected marginal value of water for the two driest years reflect both the pumping cost, the marginal costs for pumping capacity expansion, and the production foregone due to stress irrigation. Expected marginal water values represent the benefits of additional water in a given year divided by the probability of water availability in that year.
This result corroborates Schuck and Green (2002) findings in a study of supply-based water pricing in a conjunctive use system. They point out that the water user may face high costs when supplies are low and large quantities are pumped from groundwater, and also when supplies are high and high quantities are recharged. Users are willing to pay more for additional water either when it can be used to supply crops in scarce water conditions, or when there are potential benefits from recharging groundwater for later use in dry years.
Under average and wet surface supply conditions, from 109.3 6 Million m 3 /year and above, water's expected marginal value is higher with conjunctive use (Figure 4 ). This difference is the value of the added supply reliability to users (their willingness to pay to increase supply and supply reliability). eventually reduced to less than drip irrigation acreages in very wet years. This is because more water conservation is needed to increase artificial recharge that replaces recharge from deep percolation.
Irrigation Technology
Without groundwater pumping, annual crops will not be grown unless at least 96.2
Million m 3 /year is available (the rest of the water goes to high value permanent crops), while with conjunctive use the additional supply allows annual crops to be planted in much drier years. Higher efficiency drip irrigation predominates over furrow irrigation in drier years given the increased cost of the water.
The permanent crop acreage also increases with conjunctive use. The percentage of crops irrigated with the highest efficiency technology (drip) increases (Table 3) , from 21.7% to 23.4% of the total area planted. To improve water supply and reliability in the system with groundwater programs, higher efficiency irrigation technologies are economically preferred, because most improvement occurs in dry years when water is scarce.
Groundwater pumping capacity
The use of groundwater to mitigate water supply uncertainty may also be affected by the users' risk averse behavior. Although not modeled here, risk aversion motivates users to invest in income variability reduction. This may include over-application of irrigation water and even expansion of groundwater pumping capacity beyond a point of maximum expected income (Bredehoeft and Young, 1983; Willis and Whittlesey, 1998) . Despite To further explore this issue, the model is run for different pumping capacities and later modified to include groundwater pumping capacity as a first stage decision to evaluate optimal investment in pumping infrastructure. The user would invest in a given capacity in the first stage, and then pump the desired amount in the second stage, based on crop water demands and surface water availability. This would model pumping capacity as a "permanent" decision (like permanent crops) without further expansion recourse in the future. Despite this limitation, the approach is still reasonable in the short/medium term.
Groundwater pumping infrastructure cost is based on $25,000 per well placed, and a 681 m 3 /hour well pumping capacity. The model was run for different total pumping capacities (Million m 3 /year) on the right hand side of equation (9) with additional pumping capacity infrastructure cost deducted in the objective function. The result is an expected total benefit that peaks at an optimal pumping capacity and starts to decline for higher investments in groundwater pumping infrastructure ( Figure 6 ). Planning and Management. Submitted September 10, 2008; accepted August 10, 2009; posted ahead of print August 12, 2009 . doi:10.1061 /(ASCE)WR.1943 A c c e p t e d M a n u s c r i p t
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Pumping capacity maximizes expected net benefit and quickly reduces net benefit's standard deviation (adding reliability), indicating a double benefit of installing pumping infrastructure. A similar result is also found by Bredehoeft and Young (1983) . Near optimal pumping capacity, the net expected benefit curve is relatively flat, indicating that a broader range of installed pumping capacity will result in a benefit close to optimal.
This translates into more flexibility in infrastructure investment. Beyond this point, there is a trade-off between pumping capacity and expected benefit and reliability. In this example, it would cost farmers about $900,000 in net expected benefit to reduce the By substituting the right hand side of equation (9) with an additional decision variable representing pumping capacity, the exact value found for the optimal groundwater pumping capacity was 27.5 Million m 3 /year (for a maximum net expected benefit of $49.2 million).
Limitations
The model does not track groundwater storage explicitly and relies on assumptions of large aquifer, never-binding, storage and small fluctuations in water Nevertheless, the proposed model allows a wide range of irrigation decisions (including use and recharge of groundwater) to be represented and explored. Such groundwater operations are often undertaken by farmers and irrigation districts in a context of external probabilistic surface water quantities provided to an irrigation district under contract.
Conclusions
Groundwater availability can significantly improve the economic benefits of irrigated agriculture. Results indicate that this can be attained by conjunctive use programs that take advantage of differences between surface and groundwater supplies, notably d) Groundwater pumping capacity can be expanded to optimize total net expected return. This expansion not only maximizes total expected return, but also reduces net benefit variability.
e) The gains in income reliability are considerably greater than the increase in the expected net benefit. With conjunctive use the net expected benefit increased by only 4.8%, however with a significant increase in the probability of having high returns exceeded, as indicated by the flatter pattern on the revenue reliability curve. There is a clear trade-off of net revenue for added income reliability, and this information can be used to evaluate user's willingness-to-pay for insurance according to user's risk aversion. Even though users may be willing to expand investment in groundwater pumping capacity at the expense of some of the total 
